S2. Electron diffusion distance of perovskite
In order to explain the electron diffusion distance, the electron diffusion and lifetime in device were tested. The IMVS experiment used the same intensity perturbation as used in IMPS, but measures the periodic modulation of the photovoltage, giving the information of electron lifetime under open-circuit conditions. IMVS and IMPS spectra were shown in Figure S2a and S2b separately. The electron lifetime can be obtained from the IMVS plot by defining the lifetime τ n , to be [1] 
where f min (IMVS) is determined by the frequency of the minima in types of IMVS plots.
The IMPS measures the periodic photocurrent response of the device to a small sinusoidal perturbation of the light intensity superimposed on a larger steady background level. This provides information about the dynamics of charge transport and back-reaction under shortcircuit conditions. An order of magnitude estimate of a mean transit time (τ d ) for photogenerated electrons can be obtained from the frequency minimum in the complex plane IMPS plot, and the value of τ d follows the formula (2).
[1] In the formula, f min (IMPS) determined by the frequency of the minima in types of IMPS plots.
where f min (IMPS) is determined by the frequency of the minima in types of IMPS plots, d is the layer thickness of the TiO 2 /perovskite films of 500 nm, L n can be explained as followed.
Through the calculation between D n and τ n , the average value of L n is 405 nm.
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S6. Frequency response
As shown in Supplementary Fig. S6a , when V input is as small as 6 V, we can still obtain an obvious frequency response at f = 1 kHz. And the output signal is capable to follow the input signal at a modulation frequency of 200 kHz (Fig. S6b) . 
